We present a detailed study of correlation-and pressure-induced electronic reconstruction in hexagonal iron monosulfide, a system which is widely found in meteorites and one of the components of Earth's core. Based on a perusal of experimental data, we stress the importance of multi-orbital electron-electron interactions in concert with first-principles band structure calculations for a consistent understanding of its intrinsic Mott-Hubbard insulating state. We explain the anomalous nature of pressure-induced insulator-metal-insulator transition seen in experiment, showing that it is driven by dynamical spectral weight transfer in response to changes in the crystal-field splittings under pressure. As a byproduct of this analysis, we confirm that the electronic transitions observed in pristine FeS at moderated pressures are triggered by changes in the spin state which causes orbitalselective Kondo quasiparticle electronic reconstruction at low energies.
Introduction
Stoichiometric FeS is known to be a natural occurring mineral and has been investigated in fields as diverse as space science [1] [2] [3] , geosciences [4] , crystal chemistry [5] and condensed matter physics [6] [7] [8] [9] , because it is a possible core material for the terrestrial planets and one of the fundamental components of meteorites. Hence, similar to the classical Mott-Hubbard insulator FeO [10, 11] , FeS is considered to be an important material for solid state and earth sciences. Apart from this, hexagonal iron monosulfide has also been investigated in field as diverse as applied surface sciences [12] or as potential material for future energy storage and lithium-ion battery applications [13] .
As revealed by high-pressure x-ray diffraction measurements [1, 3, 5, 14] , FeS undergoes a series of structural phase transitions with increasing pressure (P): a detailed description of the × P T structural phase transformations of FeS can be found, for example, in [2] and [5] . From these studies it is known that under ambient conditions troilite FeS has a hexagonal structure (space group P − 62c) which is derivative of the NiAs unit cell with axis lengths = =å c 3 5.955 A f and =c 2 11.76 A f [14] , where c f is the lattice parameter of the fundamental NiAs subcell. The corresponding crystal structure of troilite FeS is shown in figure 1 , see also [14] . As seen in this figure, increasing pressure at room temperature results in a structural phase transition close to 3.5 GPa to an hexagonal NiAs-type structure (here dubbed as h-FeS) [2] with space group P mmc 63 /
. With further increasing P at temperatures close to room-T results in an additional structural transformation at around 7 GPa to a monoclinic unit cell (space group P2 1 or P2 1 /m) [14] . It is worth noting as well that the change of the sulfur sublattice might transform the layered structure of tetragonal FeS (mackinawite) to the three-dimensional NiAs-type structure of hexagonal pyrrhotite [15] . Thus, it is clear that FeS adopts a variety of crystallographic structures under different sample preparations [15, 16] or × P T conditions [2] . Interestingly, iron monosulfides, such as troilite [14, 17, 18] and mackinawite [16, [19] [20] [21] [22] , show a variety of structural, magnetic and transport properties which are not fully understood yet. At ambient pressure (AP), troilite is an antiferromagnetic insulator with a Néel transition temperature of 589 K [18] . Similar to tetragonal iron-chalcogenide superconductors [23] . FeS is a correlated electron system where the on-site Coulomb Electronic reconstruction of hexagonal FeS: a view from density functional dynamical mean-field theory
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repulsion U is sizable [6] , i.e. of the order of the one-particle bandwidth W. At room-T and AP conditions troilite is insulating and has an energy gap of ≈ 0.1 eV [24] and a high resistivity value of ≈ Ω − 5.2 10 2 cm [25] . As clearly indicated by resistivity measurements, FeS undergoes to successive electronic transitions with increasing pressure at room temperature. Below 2.8 GPa the electrical resistivity ρ T [ ( )] of FeS decreases exponentially with increasing temperature [18] and pressure [25] , and abruptly decreases around 3.5 GPa. Interestingly, ρ T ( ) decreases at pres sures up to 6.6 GPa and then starts to increase with increasing external pressure [14, 25] . This anomalous pressure dependence can be taken as an evidence of unconventional electronic reconstruction which might be linked to the onset of structural transition from hexagonal to monoclinic phases [5, 14] . It should be noted that the nature of electrical transport and magnetism of FeS at high pressures have been rationalized in terms of pressure-induced high-spin (HS) to low-spin (LS) state transition [7, 14] . This scenario was based on a combined study 57 Fe Mössbauer and resistivity data [14] as well as on high-pressure synchrotron x-ray emission spectroscopy measurements [7] . In combination with magnetic susceptibility data [26] . these measurements have been taken as experimental evidences of the HS-to-LS state transition, where hexagonal FeS (h-FeS) has thermally activated charge carries within the S = 2 HS configuration while monoclinic FeS is considered to be in a LS (S = 0) state, characterized by quenched local moments [7, 14] .
Based on careful perusal of experimental studies it is evident that h-FeS is an ideal system to explore pressureinduced electronic phase transitions of correlated electron systems [27] . We recall that the localized nature of troilite and its correlated electronic structure has been investigated by photoemission (PES) and inverse-photoemission spectroscopy experiments [6] . Based on this study it is known, for example, that the Fe 3d bandwidth in the PES spectra is 25-30% narrower than that predicted by first-principles band-structure calculations. The one-particle density-of-states (DOS) was shown to be accompanied by an intense tail at high binding energies, consistent with the correlated fingerprints found in 11 iron-chalcogenide superconductors [28] . Cluster-model calculations in [6] indicate Hubbard-like satellite structures at high energies for realistic values of the on-site Coulomb interaction between 4.0-5.0 eV, which have been confirmed by recent local-density-approximation plus dynamical-mean-field-theory (LDA+DMFT) calculations [36] . However, in spite of these studies the correlated electronic nature of h-FeS has not been explored so far. In this work we shed light onto this problem.
Density functional calculations for tetragonal FeS [29] demonstrate that the sulfer 3p states lie well below the Fermi level E F ( ) and are weakly hybridized with Fe 3d states. Hence, as in tetragonal FeSe superconductor [31] , the most relevant electronic states near E F derive from Fe 2+ (d 6 electronic configuration) with almost direct Fe-Fe hopping. In a previous work two of us undertook a comparative LDA+DMFT study [30] of hexagonal and tetragonal iron-selenide (FeSe) superconductor [31] , showing the orbital-selective nature of the Mott-Hubbard insulating state in h-FeSe. This together with good semiquantitative agreement with extant experimental data (photoemission and inverse-photoemission spectroscopy) for troilite [36] serves as support to explore dynamical correlation effects and electronic reconstructions in h-FeS. A proper microscopic description of pressureinduced localization-delocalization transition [18, 25] and weak localization at higher pressures [14, 25] across the hexagonal-to-monoclinic phase boundary is important for understanding the role played by dynamical correlations in the low-and high-energy electronic states of iron-based materials and their possible implications for the internal structure of planetary cores and in the Earth's lower mantle [10, 11] . In this work we address the problem of multi-orbital (MO) electron-electron interactions in h-FeS, revealing the emergence of a correlation induced Mott-Hubbard insulating state with a band gap consistent with optical data [24] . We also provide a compreensive theoretical description of MO electronic reconstruction in FeS, showing resistivity results which are in good qualitative agreement with extant transport experiments at moderated pressures [14, 25] .
Results and discussion

Electronic structure of hexagonal FeS
Within the hexagonal (NiAs-type) structure [14] , see figure 1, one-electron band structure calculations based on LDA were performed for the h-FeS system using the linear muffin-tin orbitals (LMTO) scheme [32] , in the atomic sphere approximation: This approximation provides reliable results at one-particle level and has been used to study the electronic structure of different materials [33] , including iron, sulfur, and oxygen at high pressures [34] and iron sulfides [35] . Here, self-consistency is reached by performing calculations with 549 irreducible k-points. The radii of the atomic spheres were chosen as r = 2.78 (Fe) and r = 2.74 (S) a.u. in order to minimize their overlap.
To elucidate the differences between the bare electronic structure of troilite FeS [36] as well as hexagonal and monoclinic [37] 4 FeS in figure 2 we display their total LDA DOS. As seen, for the lower pressure structural phases the one-particle bandwidth corresponding to Fe-3d states is close to 4.2 eV, a result which is in good agreement with recent GGA calculations for troilite FeS at ambient pressures [9] . Also consistent with this correlated, ab initio study on pressurized FeS, we observe a satellite structure centered around 3.9 eV binding energy which arrises from the hybridization between Fe-3d and S 3p states. As expected, this overlap is enhanced due to a more com-pact hexagonal structure compared to troilite, see figure 1. Interestingly as well is the fact that we do not observe pronounced changes in the one-particle bandwidth between these two structural phases in the LDA results. Meaning, as assumed below, that the transfer of spectral spectral weight and the changes in the orbital-dependent on-site energy levels due to crystal-field effects and their interplay with sizable electron-electron interactions are intrinsic driving forces towards a reconstructed electronic state in pressurized h-FeS. Moreover, also in good accord with results of [9] is the appreciable band-broadening of 1.5 eV (induced by increased hopping amplitudes) seen in the electronic structure of monoclinic FeS. Albeit not shown, important changes in the orbital-selective band structure are expected to occur across the hexagonal-to-monoclinic structural phase transition in FeS but this comparative study is out of the scope of this work and it is left for future investigations. Finally, to illustrate the contribution from different 3d bands in figure 3 we display the orbital resolved LDA DOS of h-FeS. Thus, taken together our results in figures 2 and 3 with previous calculations for h-FeSe [31] as well as for FeS [9, 36] we confirm that the active electronic states in h-FeS involve the Fe 3d carriers, where all d-bands have appreciable weight at E F . From LDA, the one-electron part of h-FeS is
( ) denote the diagonalized 3d orbitals of FeS. ε k k a ( ) is the one-electron band dispersion, which encodes details of the one-electron (LDA) band structure, and the ε a 0 ( ) are on-site orbital energies of h-FeS whose bare values are read off from LDA spectral functions. These are relevant one-particle [14] the dashed lines between 6.5-7.5 GPa demarcate the pressure range where the hexagonal and monoclinic phases coexist. In the two crystal structure of FeS, the large and small spheres represent Fe and S atoms, respectively. To illustrate the relative arrangement of atoms, the origin of the unit cell is chosen at Fe positions. 
where U is the on-site Coulomb interaction [6] 
H is the inter-orbital Coulomb interaction term, and J H is the Hund's coupling. We evaluate the many-particle Green's functions ω [30] , using MO iterated perturbation theory (MO-IPT) as impurity solver [38] . The DMFT solution involves replacing the lattice model by a self-consistently embedded MO-Anderson impurity model, and the self-consistency condition requiring the local impurity Green's function to be equal to the local Green's function for the lattice. The full set of equations for the MO case can be found in [38] , so we do not repeat the equations here. It worth mentioning, however, that the IPT is an interpolative ansatz that connects the two exactly soluble limits of the one-band Hubbard model [39] , namely, the uncorrelated (U = 0) and the atomic ( = ε 0 k k ) limits. It accounts for the correct low-and high-energy behavior of the oneparticle spectra, and the correlated Fermi liquid (FL) behavior in the large-D limit (DMFT) [40] . It ensures the Mott-Hubbard metal-insulator transitions from a correlated FL metal to a Mott-Hubbard insulator as a function of the Coulomb interaction U. The IPT is known to be computationally vey efficient, with real frequency output at zero and finite temperatures. As shown below, the LDA+DMFT(MO-IPT) solution for h-FeS introduces nontrivial effects stemming from the dynamical nature of sizable electronic correlations. Namely, these processes lead to large transfer of spectral weight (SWT) across large energy scales in response to small changes in the electronic parameters, a characteristic lying at the heart of the anomalous responses of correlated electron systems.
Let us now discuss our LDA+DMFT results obtained within the d 6 electronic configuration of the Fe 2+ in FeS. In figure 3 we display the effect of electron-electron interactions on the orbital-resolved and total spectral function of h-FeS. Similar to FeO [41] , at U = 5.0 eV (and J H = 0.7 eV) h-FeS is a MO Mott-Hubbard insulator with an orbital dependent band gap. Lower-(LHB) and upper-(UHB) Hubbard bands are visible, albeit to a different extent in all orbital-resolved spectral functions. As seen, the − − xy x y r z , ,
2 orbitals show stronger correlation effects with pronounced Hubbard bands, while the xz,yz orbitals have less tendency towards local moment formation (LHB). Changes in the LDA+DMFT electronic structure are also observed throughout the total spectral function, showing large-scale changes in SWT with increasing U. As seen, in figure 3 , the LDA+DMFT spectral functions are highly reshaped by electron-electron interactions compared to LDA, and future PES and x-ray absorption (XAS) experiments could verify this aspect.
For a more detailed analysis of dynamical MO electronic interaction effects in h-FeS, the orbital-resolved spectral functions across the correlation induced metal-insulator transition are shown in figure 4 . Electronic correlations lead to interesting modifications of the correlated spectra. Below the critical value of Mott-Hubbard insulating phase (U c = 4.87 eV) the many-body spectra describe an incoherent, non-Fermi liquid system with orbital dependent low-energy pseudogap features. Noteworthy is the suppression of the one-electron dispersion at low binding energies within the − xy x y , -orbitals are metallic below U c . As seen, the LDA+DMFT electronic structure in figure 4 show large-scale changes in SWT at the critical phase boundary, 4.86 eV <U c < 4.88 eV, with concomitant suppression of hole-and electron-like bands at low energies in the Mott-Hubbard insulting phase.
Electronic reconstruction of pressurized FeS
We turn now to the effect of increasing pressure on the correlated electronic states of h-FeS system. Motivated by experimental evidences of spin-state (HS-to-LS) and structural (hexagonal-to-monoclinic) transitions in FeS under external pressure [14] we adopt the following strategy to study these combined effects. As considered in [42] we first assume that external pressure modifies the crystal field splittings of the 3d manifold, and we look for an electronic instability of the hexagonal phase as a function of applied pressure. This assumption is known to be plausible and it has already been successfully used by other groups to study the effect of pressure and/or lattice strain on the orbitalselective electronic reconstruction of correlated electron systems [43, 44] . However, it is recognized that under external perturbations like pressure and strain, the hopping elements and the crystal field splittings are renormalized in non-trivial ways. In practice it is difficult to separate the effects of the hopping from those induced by crystal field splittings, especially if the correlated electronic structure under pressure is not known a priori. With this caveats in mind, we study the effect of the orbital splittings on the correlated many-body states of h-FeS. Differently to [41] we do not change the LDA DOS to derive pressure induced phase transitions. Instead, we search for the instability of the low-pressure phase towards a distinct phase as pressure is varied. This approximation is justified, because we do not expect much correspondence between changes in the one-band quantities with those affected in non-trivial ways by dynamical electronic correlations. Actually, compared to our LDA calculation the LDA+DMFT results reveal changes in the ground state orbitals. While in LDA the − xy x y , Under AP conditions, iron in FeS is divalent with HS (S = 2) configuration and goes towards to a LS (S = 0) state with increasing pressure [14] . Therefore, we consider the orbital-dependent on-site energy term [45] [46] [47] 
, , in our Hamiltonian = + H H H 0 i nt (equations (1) and (2) to mimic the spin-state trans ition [48] in FeS, and the underlying electronic reconstruction with pressure. Here, ∆ a acts like an external field in the orbital sector (orbital fields), sensitively controlling the occupations of each orbital (see figure 7) in much the same way as the magnetization of a paramagnet as function of an external magnetic field. However, in order to draw a qualitative interpretation of ∆ H in our total model Hamiltonian = + ∆ H H H and its relation to pressureinduced electronic reconstruction in FeS, we recall that the pressure derivative of crystal-field splitting is given by
, where K is the bulk modulus and ξ is a constant value [49] . This in turn suggests that in the pressure range of interest in this work h − FeS could be in a linear regime as observed in other materials under external pressure conditions [50] . Thus, to show how changes in the correlated electronic structure and dc transport responses of pressurized h-FeS might be explained by a modification of ∆ is our focus below.
We now study the orbital-selective metallic state obtained as an instability of the correlated Mott insulator derived above for U = 5.0 eV. In other works, the transition towards a paramagnetic metallic and insulating states [25] in pressurized FeS is derived not by changing the LDA DOS with pressure as in [9] , for example, but by searching for an instability of the paramagnetic insulating state under pressure. In reality, as proposed earlier to describe the insulator-metal transition of V 2 O 3 under external pressure [42] , one has to study the transition to the insulating-metallic-insulating phases of FeS without leaving the strongly correlated picture, and derive the transitions by searching for the correlated solution of the DMFT equations under pressure. To justify our approach, we specify the problem associated with the approach used, for example, by Ushakov et al [9] . First, it is theoretically inconsistent to derive a phase transition between two strongly correlated electronic phases by using corresponding LDA band structures to separately derive the two phases. This is because using changes in bare LDA parameters to study correlated phases is problematic, since these parameters have no clear meaning in a multi-orbital correlated electron picture. One must use the renormalized values of these parameters instead, and these are generically modified in unknown ways by strong MO correlation effects. These changes in bare LDA parameters, and the modification of the response of correlated electrons to these changes, must be self-consistently derived within the LDA+DMFT procedure. Clearly, this route has not been used in recent band structure approaches to correlated quantum materials under external pressure and ours is the first in this direction for h-FeS. Thus, as in [42] we adopt the following strategy. We hypothesise that external pressure modifies the crystal-field splittings or the on-site energy levels, which in turn self-consistently control the orbital occupancies of the different orbital sectors. To our knowledge, our approach is not totally new: Mott and co-workers proposed such ideas in the 1970s [51] . Tanaka made a similar hypothesis in a cluster model approach for V 2 O 3 [43] and Savrasov et al [52] have employed similar ideology to study the volume collapse across the α δ − transition in Plutonium. In a correlated electron system, small changes in the local energy splittings lead to large dynamical SWT typically over a scale of few electron-Volts [45] . As seen in figure 5 , at values of ∆ below 1.2 eV we observe systematic changes, albeit with different SWT, in the orbital-resolved spectral functions with pressure. In this parameter range the xz,yz orbitals remain Mott localized while asymmetric quasiparticle (Kondo-like) resonance are formed in the − xy x y , 2 2 orbitals at low-binding energies, and they move towards E F with increasing ∆. Given our choice for ∆ a the valence band states of the − xz yz z r , ,3 of pseudogaped and Mott-localized electronic states at low energies. This behavior is consistent with that found for pressurized FeO with rocksalt-type structure [11] , and it is characteristic of a bad-metal system.
Let us now describe the band structure across the insulator-metal-insulator [25] transition point of pressurized FeS. As seen in figure 6 , the − xy x y , 2 2 orbitals are the most affected by pressure at low energies. In these orbitals, the Kondo quasiparticle resonances shrink dramatically and intersect the Fermi level with increasing ∆. Thus, the transition we have found is characterized by the presence of low energy quasiparticle dispersions which are piked at E F for ∆ = 1.4 c eV. Similar low-energy orbital reorganization across the pressure-driven insulator-to-metal transition was obtained for transition-metal mono-oxides [41, 53] , hematite [54] as well as in YTiO 3 [45] , suggesting a common (albeit orbital dependent) underlying scenario for pressurized transition-metal compounds. Here, we emphasize that coexistence of insulating eV is the key mechanistic step, which allows to understand the strange metallic behavior observed in pressurized FeS [25] . Hence, it would be interesting to see whether this selective orbital mechanism with a sharp Kondo-quasiparticle resonances near E F would be observable in angle-resolved PES (ARPES) spectroscopy of pressurized FeS.
Finally, in figure 7 we display the averaged occupation numbers σ n a , ⟨ ⟩, computed using the LDA+DMFT orbital resolved spectral functions of FeS. As in [41] we observe kinks for ∆ 1.1 ⩾ eV. This response is characteristic of strongly correlated materials, where the orbital occupation is linked to dynamical orbital fluctuations in the reconstructed electronic state. The role of ∆ is apparent in our results of figure 7, acting exactly like an orbital field. Notably, orbital polarization is enhanced under the application of pressure, driving changes in orbital occupations. However, in spite of previos experimental evidences towards to a HS-to-LS state transition [7, 14] our results in figure 7 suggest a gradual HS to intermediate spin (IS) state transition which is consistent with the spin-crossover scenario of iron in the ferropericlase solid solution at Earth's mid-lower mantle condictions [55] . This because full orbital polarization characteristic of a LS state [56] will only be achieved using higher values of ∆ than those considered in this work. Thus, our results suggest that near the hexagonal-to-monoclinic structural transition FeS should be closer to an IS state. 
Transport properties of hexagonal FeS
In an earlier work, we have shown that the MO correlated nature of h-FeSe system [31] can be semiquantitatively understood using LDA+DMFT with sizable d-band correlations. Here, we extend this aspect to characterize the electrical properties of stoichiometric h-FeS under pressure. Specifically, we study the T-dependence of the dc resistivity and correlate it with the orbital-reconstruction scenario derived above. Given the correlated spectral functions 
) the (static) dc conductivity σ T dc [ ( )], computed within the Kubo formalism, [57] can be expressed as eV, see figure 6. Noteworthy, above this critical value the resistivity curves show a small insulating upturn below 20 K. Interestingly, the detailed T-dependence in figure 8 resembles the one seen in experiments [14, 25] , showing insulator-metal-insulator transitions [25] with increasing pressure from AP to 8.0 GPa.
To rationalize the overall bad-insulating behavior, which is characterized by a small resistivity upturn at low temperatures in pressurized FeS, it is worth noting that localization of the ⩾ eV in figure 6 implies that this orbital act like an intrinsic source of electronic disorder in the system. This implies that an intrinsic disorder potential, arising from orbital-selective physics, exists in FeS at pressures close to 8.0 GPa. Remarkably, such behavior results from strong scattering between effectively Mott-localized and itinerant components of the full DMFT propagators. This is intimately linked to orbital-selective Mott-like physics within DMFT [58] . We note that such orbital-selective physics has also been proposed earlier for h-FeSe system [31] as well as on phenomenological grounds for iron-pnictides superconductors [59] . The qualitative agreement between our resistivity results close to ∆ c and that seen in experiments [25] , suggests appreciable − z r 3 2 2 -orbital reconstruction at high-binding energies which might belinked with the hexagonal-monoclinic structural phase transition in FeS. Future theoretical and experimental work to corroborate our prediction are called for.
Conclusion
We have used LDA+DMFT on a five-band Hubbard model to derive a correlation-and pressure-induced orbital reconstruction in hexagonal iron sulfide. We have analyzed its Mott-insulating nature, baring it as an effect of multi-orbital dynamical correlations. Upon consideration of pressure effects we observe continuos changes in dynamical spectral weight transfer at high-and low-energies. Particularly interesting is the emergence of narrow Kondo quasiparticles in the − xy x y , 2 2 orbitals with increasing pressure, which is our mechanism for insulatormetal-insulator instabilities seen in pressurized FeS. According to our results, the electronic reorganization with pressure is manifested in structural changes at a critical energy splitting which destabilises the hexagonal crystal structure under pressure. The interplay between Mottness-induced selective electronic localization and baditinerancy in hexagonal FeS suggests a promising and practical route to access electronic, magnetic and transport properties at planetary core conditions [1, 60] , but this problem of fundamental and practical importance remains to be seen in future. [14, 25] . Particularly interesting is the insulating-metallic-insulating behavior for 1.3 eV ∆ ⩽ ⩽1.5 eV consistent with data of [25] . Inset display resistivity curves at higher ∆, showing small resistivity upturns at low temperatures. This behavior is characteristic of bad-insulators.
